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standing of how such environmental factors structure mussel communities would help resource managers define suitable habitats to protect and recover imperiled mussel species. We examined whether properties of streambed substrate composition, including porosity, sediment sorting, % of fine sediments, and mean particle size, were related to the distribution of individual mussel species in the ACF basin of the eastern Gulf of Mexico. 
Methods
Mussels and streambed sediments were collected from 30 sites in the Coastal Plain physiographic province of the ACF basin (Fig. 1) . These 30 sites are a subset of 150 ACF tributary streams surveyed for mussels from 1991-1992 (Brim Box and Williams 2000). Measurements of species diversity at each of the original 150 sites indicated that these sites included a wide range of mussel richness. Therefore, each of the original 150 sites was assigned to 1 of 6 species richness categories (very low = 1-2 species; low = 3-4 species; medium = 5-6 species; medium high = 7-8 species; high = 9-10 species; very high = 11-12 species). Sites that were not in the Coastal Plain or that lacked mussels were excluded from further consideration. From the re-
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[Volume 21 maining pool of 62 sites, 5 sites were randomly selected from each of the 6 species richness categories to produce the 30 sites used in our study. At each of the 30 sites, a 100-m reach was delineated and stratified into bank, slope, and channel habitats for sampling. These habitats were defined using a combination of physical and geomorphic attributes of the channel morphology. The bank habitat extended from the shoreline to the point in the channel where the depth began to increase, indicating the beginning of the slope habitat. The slope habitat ended where the gradient leveled out, indicating the beginning of the channel habitat. Visible changes in substrate (e.g., mud to sand) also were used to distinguish these habitats and generally coincided with changes in gradient. Previous sampling in nearby rivers indicated that mussel species composition and densities differed significantly among these 3 habitats (JBB and L. Arvanitis, University of Florida, Gainesville, Florida, unpublished data).
Quadrats (0.25 m2) were used to collect samples of mussels and sediments from the bank, slope, and channel habitats. Thirty-two quadrats were randomly placed in each habitat. All mussels visible or found by excavating the top 5 cm of substrate within or touching the sides of a quadrat were placed into dive bags (noting quadrat number and habitat type), identified to species, and returned to the substrate. In the center of each quadrat, a 4.7-cm-diameter core of sediment was collected from the top 8.5 cm of substrate. We computed porosity and sediment particle size composition by weighing the sieved contents of each sediment core (see below). Porosity is inversely related to bulk density and is the proportional volume of void space in the core (Friedman et al. 1992). We were unable to collect sediment cores from 195 quadrats that contained predominantly rock. We were also unable to sieve 24 additional core samples because of processing errors; therefore, our total sample size was limited to 2661 quadrats.
Standard procedures for characterizing the composition of sediments in streams using measures relevant to ecological studies have not been developed (Bovee 1982, Gordon et al. 1992). Sediments are typically divided into a set of particle-size categories, and the relative proportion (by mass) of each of these categories is measured. In our study, sediment from each quadrat was divided into 19 particle-size categories that corresponded to 0.5 phi intervals of the Wentworth scale (Wentworth 1922 ) and included pebble to clay-sized particles. The choice of particle-size categories was guided by standard methods of fluvial geomorphology (Mudroch and Azcue 1995). The use of numerous size fractions to calculate summary statistics (e.g., mean particle size) is a standard procedure in physical sedimentology, although in most biological applications only a limited number of particle-size classes (e.g., 6) are used. The more size fractions that are used initially, the more precise the resulting metrics will be, and we sought to avoid the lack of resolution that may occur with fewer size categories. The composition of substrate particle sizes larger than silt was determined using a series of nested sieves . In contrast, we calculated the number of particles present in each of the 19 size classes because it is a closer approximation of the number of particles in a specific size class than using mass as a surrogate for particle frequency. We assumed that: 1) the density of each particle was 2.65 g/cm3 (the approximate density of quartz and sandy, siliceous particles with little organic matter), 2) each particle was spherical, and 3) particle sizes were uniform within a size fraction. Observations of our sediment samples indicated that assumption 1 generally held true. Not all particles were perfectly spherical, however, but most approached this shape. Assumption 3 is an obvious oversimplification because there is typically a range of particle sizes within a size fraction, so we used the diameter of the midpoint between the 2 sieve intervals as the particle size in our calculations. This procedure is standard in method of moments calculations for summarizing grain-size distributions (Lindholm 1987), and usually provides more accurate results than graphical methods (Swan et al. 1979) .
Our estimates of the number of particles in each size class were then used to compute the mean particle size, the fraction of fine sediments, and the amount of sorting in each sedi-ment core (Lindholm 1987). Sorting, defined as the ratio of the SD of particle sizes to the mean particle size (Lindholm 1987), quantifies the relative heterogeneity of sediment particle sizes. Small values of sorting imply that sediments are well-sorted and contain relatively uniform-sized particles, whereas large values of sorting imply that sediments are poorly sorted and contain particles of many different sizes (Gordon et al. 1992). Equally spaced percentiles of each of 3 substrate characteristics (porosity, fraction of fine sediments, and sorting) were used to examine how substrate composition differed among the bank, slope, and mid-channel habitats.
Species-specific associations between mussels and substrate were explored statistically by examining if the presence of mussels was correlated with 4 characteristics of the streambed substrate: porosity, mean particle size, fraction of fine sediments, and sorting. Presence was analyzed instead of mussel density because of the low number of mussels typically found in each 0.25-m2 quadrat. A generalized linear mixed model (McCulloch and Searle 2000) was used to estimate the effects of each sediment characteristic on the mean presence of mussels while accounting for differences in the presence of mussels in different sampling locations (sites and strata). In the model, randomly varying parameters were used to specify the site-specific differences in mussel presence that may be unrelated to sediment composition. Fixed parameters were used to specify the effects of porosity, fraction of fine sediments, and sorting on mussel presence. Mean particle size was deliberately excluded as an additional fixed-effect parameter because our observations of mean particle size and fraction of fine sediments were highly correlated (r = -0.72). The fraction of fine sediments was selected instead of mean particle size because our observations of porosity, fraction of fine sediments, and sorting had similar variances and similar scales of measurement (porosity and fraction of fine sediments are proportions; sorting is a ratio and ranges mostly between 0 and 1).
Results
A total of 2175 live mussels and 388 shells were observed in our sample of 2661 quadrats from the ACF basin (Table 1) . Mussels were most common in the bank habitat and least common in the channel habitat. Of the 25 species of mussels observed, Elliptio and Villosa were most abundant (70% and 16% of the total number of mussels, respectively). Five species (Elliptio complanata, E. icterina, Toxolasma paulus, Villosa lienosa, and V vibex) were sufficiently abundant to estimate the effects of substrate characteristics on mussel presence. Villosa lienosa was the only species whose presence was correlated with substrate characteristics (Table 2) . Specifically, V lienosa was prevalent in well-sorted sediments that contained high proportions of fine particles. The presence of V lienosa was unrelated to sediment porosity.
Although mussels in the ACF basin were more common in the bank habitat than in the channel habitat, this difference was unrelated to any systematic differences in substrate characteristics of the 3 habitats across sites. Sediment composition varied among the bank, slope, and mid-channel habitats for the substrate characteristics that were measured (Table 3) , but the variation among sites within a habitat was generally much larger than variation among habitats (Fig. 2) . Thus, the habitat-specific differences in mussel presence that we observed could not be attributed to differences in sediment composition. , and our study showed bank areas contained the greatest number of quadrats with a high % of fine sediments. Therefore, the positive relation-TABLE 1. Number of mussels collected (live and shell) and number of quadrats with mussels in 2661 samples of 30 sites in the Apalachicola, Chattahoochee, and Flint river basins.
Discussion

Number of mussels
Number of quadrats with mussels ship between the presence of this species and fine sediments may be coincidental.
Habitat differences
Twenty-five species of mussels were collected in our study. Of these 25 species, 9 were historically known from mid-channel habitats (Brim Box and Williams 2000). Three of these 9 species are federally endangered (Lampsilis subangulata, Medionidus penicillatus, and Pleurobema pyriforme), 4 are of special concern, and 2 are considered to have stable populations in the basin. The rarity of species historically found in mid-channel areas in our study may depend, in part, on the substrate composition of these mid-stream habitats. We found that 56% of mid-channel quadrats had low porosities, and 49% were (Table 3 ). In comparison, in the bank areas where mussels were most common, 27% of samples had low porosities and 13% were poorly sorted. The relationship between the spatial aggregation of mussels in these tributary streams and substrate composition may be coincidental, or it may indicate that bank habitats in these streams are of higher quality than mid-channel areas. Low porosities can indicate that river beds are clogged with fine sediments (Schilchli 1992), and that habitat degradation has occurred (Waters 1995).
Other factors
Alternatively, our inability to detect speciesspecific relationships between mussels and streambed composition in the ACF basin suggests that factors other than substrate composition were important in defining suitable habitat for these mussel species. The 5 mussel species used in our analysis were most common in the bank and least common in mid-channel areas. Other researchers have suggested that the presence of mussels in streams may be better correlated with areas of low shear stress during high-flow events than with microhabitat variables such as mean particle size (Neves and Widlak 1987, Layzer and Madison 1995). Kat (1982) suggested that high-quality microhabitats are characterized by stable substrates and protection from scour, and Strayer (1999) found that mussel beds in streams in New York were located in areas where hydraulic stresses during floods were low. Relationships should be explored between dynamic processes like shear stress and the spatial aggregation of mussels in the ACF basin, including whether bank habitats provide protection from scouring floods.
Sampling considerations
Mussels were collected in -30% of the bank quadrats, 28% of the slope quadrats, and 22% of the mid-channel quadrats. We expected the low number of occupied quadrats for 2 reasons. First, we chose our 30 study sites to reflect the range of mussel richness that was found in earlier surveys. Therefore, some of the sites in this study contained very few mussels. Second, mussels in these ACF tributaries were not found in beds, as is commonly reported from other regions (e.g., Strayer 1999) . The occurrence of 20 mussel species was too low to provide reliable estimates of the association between their presence and substrate composition, even though we collected >2600 quadrats. Because many species of freshwater mussels in these Coastal Plain streams are dispersed and rare, future studies of mussel-habitat associations in the ACF basin should use novel sampling designs and methods (see Dorazio 1999) to collect rare species in greater numbers than we did in our study.
